More and more studies are emerging reporting breast kinematics. These studies rarely present effect sizes, power, and variance in the data. Important inferences are drawn from these data, including applications to product design, breast pain assessment, sports performance effects, and more. The aim of the study was to explore the within-participant variance in breast kinematic data during a 5 km run. Multiplanar breast kinematics and within-participant variance, defined by the coefficient of variation, for 10 female participants wearing a low-and high-level breast support were calculated during a 5 km run. Greater within-participant variance was reported in the high-level (mean = 15%) breast support compared with the low-level (mean = 12%). Within-participant variance in breast kinematics did not change over the 5 km run. Differences in the magnitude of within-participant variance in breast kinematics were reported between directions of breast movement, with greater levels in the anteroposterior direction compared with mediolateral and vertical. It is important for the progression of this research area that the presence and sources of within-participant variance in breast kinematics are quantified and acknowledged, ensuring that the margin for meaningful differences can be reported.
and quantification of this error is required to conduct and interpret results within research. 1, 3 The following sources of error constitute total error in a measurement: systematic bias and random error. Random error can occur due to inherent biological or technical (measurement tool) variance, 1, 4 and is usually larger than systematic bias. The researcher can do little to reduce the biological aspect of random error because of its source. 1 However, technical error of a measurement tool can be reduced to a certain extent by standardization procedures and calibration processes. 3, 4 There are different methods to quantify the sources of error in data. The coefficient of variation (C v ), which is the ratio of the standard deviation to the mean, and expressed as a percentage, 1, 3 enables comparisons of error in measurements between studies utilizing different tools and measurements, regardless of units or calibration procedures. 3 Hopkins 3 suggests the quantification of within-participant variance is the most important measure to consider when examining total error, as it can affect the precision of estimates of change in the measured variable.
Researchers should aim to calculate and if necessary report these data to ensure these sources are monitored and do not mask important effects.
With no muscles within the breast to damp and reduce soft tissue oscillations, 5 the breast may elicit nonuniform movement patterns, which may influence the magnitude of variance inherent within these data. One source of within-participant variance may be a result of biological changes to the composition of the breast tissues between testing sessions; it is documented that breast volume may increase and density of the tissues alter during the luteal phase (day 14-28) of the menstrual cycle due to hormonal shifts. [6] [7] [8] The effect these changes may have on breast kinematics is currently unknown; however, in an attempt to minimize this, where possible, participants could be tested during the more stable follicular phase (day 5-15) of the menstrual cycle.
Within breast biomechanics research, a marker positioned directly over the nipple is used to quantify and represent global breast kinematics. 8 The ability of a participant to apply the marker directly over the breast in the same position may be considered as a source of within-participant variance; however, the following precautions are taken to reduce this source of variance. The explanation of the procedure should be clear, ensuring a reliable application between conditions, ensure the participants have been fitted in each breast support condition, and finally, the marker is not reapplied if knocked within the same trial.
Another source of within-participant variance, which is difficult to overcome, is variance in running technique between gait cycles. The thorax has been identified as the "driving force" behind breast movement 9 ; therefore, alterations in the kinematics of the thorax, other body segments, and gait parameters may impact upon the relative kinematics of the breast, which may be more evident during longer duration running as the performer tires.
Scurr and colleagues 8, 10 reported the within-and between-participant variance in resultant breast displacement over constant and incremental speed treadmill protocols, lasting two minutes in duration. These are the only data available on variance in breast kinematics, and therefore, variance in breast kinematics has not been quantified over prolonged running distances. Gait kinematics and the variability in these data have been reported to increase over activity duration. [11] [12] [13] [14] Alterations in running mechanics during a run may therefore influence the magnitude of variance in breast kinematics. Furthermore, within-participant variance has only been reported for resultant breast displacement; therefore no inferences can be made regarding the variance in multiplanar breast kinematics. Magnitudes of breast kinematics have been reported to differ between the three directions of movement 15 ; therefore, it could be hypothesized that variance in breast kinematics may also differ between the directions of movement.
Magnitudes of breast velocity and acceleration have been reported during running, 15 but the associated variances in these data have yet to be examined. The derivative calculation of velocity and acceleration may exhibit greater magnitudes of variance due to the magnification of any error in the relative coordinate data during the calculation (magnification of 20 times at the second derivative stage). 16 Therefore, the magnitude of variance in velocity and acceleration should be considered and reported, since the magnitude of variance in these data may mask different effects between conditions and trials.
The aim of the current study is to explore the within-participant variance in multiplanar breast kinematics in two levels of breast support, during a 5 km treadmill run. Firstly, it is hypothesized that breast support level will have a significant effect on the magnitude of within-participant variance. Secondly, the magnitude of within-participant variance will be significantly different across the intervals of the 5 km run. Thirdly, the magnitude of within-participant variance in multiplanar breast kinematics will be significantly different between the three directions of movement.
Methods
Following institutional ethics approval, ten female volunteers (experienced treadmill and outdoor runners currently training for at least 30 min, at least three times per week) participated in this study. Participants had not had any children, not experienced any surgical procedures to the breast, and were of a 34 D or 32 DD bra size. Participants had a mean (SD) age of 23 years (2 years), body mass 62.1 kg (5.4 kg), and height 1.60 m (0.05 m). Participants provided written informed consent to partake in this study. The participants' bra size was measured by a trained bra fitter employing the best fit criteria recommended by White and Scurr.
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Procedures
In a random order, two 5 km treadmill runs (h/p/cosmos, Germany) were performed on separate days (up to 72 hours apart); once in a low level breast support (Marks and Spencer Plain underwired T-shirt bra) and once in a high level breast support (Shock Absorber B4490 Sports bra) ( Figure 1 ). Participants wore the same footwear for both treadmill runs. Participants selected a comfortable running speed, which they maintained for both 5 km runs without any adjustments, the average speed across all participants was 9 km⋅h -1 (1 km⋅h -1 ).
\ Insert Figures 1 and 2 \
Three retro-reflective markers (12 mm diameter) were positioned on the following anatomical landmarks by the researcher; the suprasternal notch (STN), and the left and right anteroinferior aspect of the 10th ribs ( Figure  2 ) to represent the thorax segment.
9,10 A fourth marker was positioned on the bra, directly over the nipple by the participant to represent the breast. 8, 18 A fifth marker was positioned on the right heel by the researcher to determine gait cycles using the procedure outlined by Zeni. 19 Three-dimensional coordinates of the markers were tracked by eight 200 Hz calibrated Oqus infrared cameras (Qualisys, Sweden) positioned around the treadmill. The accuracy and precision of the motion capture system was determined utilizing two markers on a rigid calibration wand (Qualisys, Sweden), with a known intermarker distance of 750.7 mm. The accuracy of the system was defined as the difference between the known intermarker distance and the mean reported intermarker distance recorded over three 10 s trials. The precision of the motion capture system was defined as the mean (SD) of these three trials ( Table 1 ). The mean accuracy of the system was measured at 0.4 mm, and the precision of the system was measured at 0.2 mm.
[AUQ2] \ Insert Table 1 \ The anatomical markers were identified and threedimensional data reconstructed in the Qualisys Track Manager (QTM) Software. Cameras recorded the last 10 s of the initial two minutes of the run and 10 s at each kilometer interval of the 5 km run (900 m, 1900 m, 2900 m, 3900 m, and 4900 m). Three-dimensional coordinates for all markers were exported to Visual3D (C-Motion v4, Inc., Germantown, MD).
Data Processing
The global coordinate system (GCS) identified x′ as the line of progression on the treadmill (anteroposterior), y′ as mediolateral, and z′ as vertical (Figure 2 ). Threedimensional coordinate data were filtered using a fourthorder zero-phase shift Butterworth filter with a cut-off frequency of 13 Hz, determined using a FFT (MatLab, MathWorks).
To establish relative breast kinematics, independent to the six degrees-of-freedom movement of the thorax, an orthogonal segment coordinate system (SCS) converted the absolute coordinates of the nipple to relative coordinates using a transformation matrix within Visual3D. The three non-collinear markers positioned on the thorax were used to define the SCS, with the anteroinferior rib markers defining the medial and lateral locations of the distal end of the segment and the STN as the proximal end. A virtual midpoint ( Figure 2 ) was established between the medial and lateral end points of the distal segment which extended to the suprasternal notch (origin and proximal end of the SCS) creating the vertical axis (z″). The reference frontal plane (y″-z″) was then defined using the three markers, with vector y″ perpendicular to the z″. Vector x″ was directed posterior to anterior, and using the right-hand rule was perpendicular to z″ and y″. Relative minima positional coordinates for the right nipple marker were subtracted from maxima coordinates to calculate breast displacement (mm) relative to the thorax in each direction, across the five gait cycles at each interval of the 5 km run. First (velocity, m⋅s -1 ) and second (acceleration, m⋅s -2 ) derivatives of breast displacement were calculated instantaneously for each sample (0.005 s) with peak values recorded for each gait cycle (n = 5).
Coefficient of variance (C v ), reported as a relative percentage 3 quantified the within-participant variance in relative multiplanar breast kinematics. The withinparticipant variance was calculated for each participant, for five gait cycles, [8] [9] [10] 15 at each interval of the 5 km run, for the low and high level of breast support, and then averaged across participants (n = 10).
Statistical Analysis
All data were checked for normality (KolmogorovSmirnov and Shapiro-Wilk) and homogeneity of variance (Mauchly's test of sphericity), and parametric assumptions assumed where P > .05. Two-way repeatedmeasures ANOVAs with post hoc pairwise comparisons (with Bonferroni adjustment) were performed to assess the effect of support level and run duration (intervals) on the magnitude of within-participant variance in multiplanar breast kinematics. Wilcoxon signed-rank tests were performed to identify any significant differences between the magnitudes of within-participant variance across the multiple directions of movement in the kinematic data, within each support condition.
Results
Level of breast support did not affect the magnitude of within-participant variance in anteroposterior or mediolateral breast displacement. However, variance in vertical breast displacement was greater in the high-level breast support (F (1) = 22.382, P = .001, η 2 = .713, 1 -β = .987) when compared with the low-level breast support at the second (P = .023), third (P = .006), and fourth kilometer (P = .016) of the run, increasing by 8%, 7%, and 6%, respectively from the low to high level of breast support.
Within-participant variance of multiplanar breast displacement did not differ over the 5 km run. However, within-participant variance in multiplanar breast displacement was significantly greater in the anteroposterior direction when compared with the mediolateral direction in the low (Z = -4.340, P = .001) and high (Z = -3.001, P = .001) level breast support. In addition, the variance in the vertical breast displacement was significantly greater than the mediolateral displacement (Z = -4.697, P = .001).
Breast support level affected the magnitude of within-participant variance in breast velocity in the vertical direction (F (1) = 64.404, P < .001, η 2 = .877, 1 -β = 1.000), with greater magnitudes of within-participant variance reported in the high level support compared with the low level support during the second (P = .003), third (P < .001), and fourth (P = .17) kilometer of the run, (increasing by 7%, 10%, and 8%, respectively).
Within-participant variance in mulitplanar breast velocity did not differ over the 5 km run. Within the low level of breast support, greater magnitudes of withinparticipant variance were reported in the anteroposterior direction than the mediolateral (Z = -2.179, P = .029) and vertical (Z = -4.741, P < .001). Within-participant variance in the mediolateral breast velocity was greater than the variance in the vertical velocity (Z = -3.129, P = .002). Within the high breast support, the withinparticipant variance was greater in the anteroposterior direction compared with the mediolateral direction (Z = -2.168, P = .030), a difference in variance of 3%.
Level of breast support affected the withinparticipant variance in breast acceleration the vertical direction (F (1) = 18.701, P = .002,  2 = .675, 1 -β = .969), with greater variance reported in the high level of breast support compared with the low level breast support during the second (P = .020), third (P < .001), fourth (P = .005) and fifth (P = .050) kilometer intervals, increasing by 9%, 10%, 11%, and 8%, respectively.
Within-participant variance in multiplanar breast acceleration did not differ over the 5 km run. Greater magnitudes of variance in within-participant breast acceleration was found in the anteroposterior (Z = -5.956, P < .001) and mediolateral (Z = -5.013, P < .001) direction when compared with the vertical direction.
Discussion
This is the first study to explore the magnitude of withinparticipant variance in multiplanar breast kinematics between breast support conditions, during prolonged treadmill running. Within-participant variance in breast displacement across all directions, over the 5 km run in the low and high breast support averaged 7% and 10%, respectively. As these data were derived for breast velocity the average variance increased to 13% (low) and 14% (high), and increased again to 17% (low) and 21% (high) for acceleration. These within-participant variance values are equivalent to a total error in breast kinematics of 3 mm, 0.04 m⋅s -1 , and 2.8 m⋅s -2 in the low level support and 3 mm, 0.03 m⋅s -1 and 1.7 m⋅s -1 in the high level support. The technical error of the motion capture system was defined by the accuracy and precision of the system, and was established as less than 1 mm. Therefore, the majority of the reported variance is assumed to be comprised of biological variance and systematic bias. This suggests that within the current population, differences of 3 mm (or less) in breast displacement, 0.04 m⋅s -1 (or less) in velocity, and 2.8 m⋅s-2 (or less) in acceleration within and between high and low breast support conditions may not be true differences and instead may be due to total error.
When examining the effect of breast support level on within-participant variance in multiplanar breast kinematics during the 5 km run, variance in vertical breast displacement, velocity and acceleration were greater in the high-level breast support when compared with the lowlevel breast support, which partially accepts hypothesis one. Due to the calculation of the coefficient of variance, the magnitude of the mean and standard deviation have the potential to either elevate or reduce the value reported, specifically when examining small magnitudes. This may explain why the variance of breast kinematics was significantly greater within the high-level breast support when reported as a coefficient of variance. The benefit of using this relative statistic is clear when comparing across data with different methodologies or absolute units; however, presenting the absolute variance as well as a variability statistic will ensure accurate interpretation within and across research studies.
An arbitrary boundary of 10% has been proposed and is frequently employed as an "acceptable" level of variance within sports science research studies; 4 however, this value is by no means definitive, and many studies within sports science research do not employ this guideline as a boundary for acceptable variance. Prior knowledge and implementation of this arbitrary boundary may influence the reader's interpretation of results across studies, utilizing different methods and measurement tools. Therefore, it is imperative to also consider the total error in the original units of measurement.
Within-participant variance of relative multiplanar breast kinematics was not reported to differ over the 5 km run. With no differences across the kilometer intervals, it is suggested that the magnitude of variance is consistent across prolonged treadmill running (5 km). This finding rejects hypothesis two and suggests that variance could be examined within the first two minutes of data collection. The decision for further examination of variance in these data are ultimately left to the investigator.
The magnitude of within-participant variance in breast displacement within the current study (average of low and high, across all directions, over five gait cycles = 9%) was substantially greater than the variance reported by Scurr and colleagues 8 (bare-breasted, over five gait cycles = 1.3%). Scurr et al 8 applied a log transformation to their data, 8 which is advocated when data do not follow normal distribution and demonstrates heteroscedascity. 1, 3, 20 This type of transformation uniforms the variance to produce a homogenous data set; however, it should be acknowledged that many biological parameters do not follow equal distributions due to the inherent random biological error, making these data unsuitable for log transformation. For the efficacy of future research in this area and to enable conclusive findings to be reported, within-participant variance in breast kinematics should be reported without log transformation. Moreover, future research on larger cohorts of participants, across multiple breast sizes, should establish generalized boundaries of error.
Separating breast kinematics data into individual directions of movement enables an understanding of which direction has larger magnitudes of variance. Anteroposterior and mediolateral breast kinematics frequently demonstrated greater within-participant variance than the vertical breast kinematics. This indicates more sporadic breast movement patterns in these directions, accepting hypothesis three. This may be explained by the bra's ability to reduce the vertical component of breast kinematics more effectively than the anteroposterior and mediolateral components. Previous publications within breast biomechanics have made recommendations for the design and structure of an effective breast support based upon data which focused only on the vertical component of breast kinematics. 21, 22 Therefore, the breast kinematics in the anteroposterior and mediolateral directions may be less uniform, creating greater variance in these data.
In conclusion, firstly, it was found that withinparticipant variance in breast kinematics is affected by breast support level, with greater variance reported in the high-level (15%) compared with the low-level breast support (12%). Secondly, it was reported that withinparticipant variance in breast kinematics remained constant over a 5 km treadmill run. Thirdly, the withinparticipant variance in anteroposterior breast kinematics was greater than the mediolateral and vertical. It is important for the progression of this research area that the presence of within-participant variance in breast kinematics is identified and quantified, and the source of this variance is acknowledged, ensuring that the margin for meaningful differences can be reported. 
